In an underground isolation unit, 46 subjects lived singly without time cues under conditions of self-selected light-dark (LD,) cycles or constant illumination (LL). They all developed free-running circadian rhythms that either remained internally synchronized (i.e., with equal periods in all functions; n = 24) or became desynchronized by a sudden lengthening (n = 14) or shortening (n = 8) of the sleep-wake cycle. Six further subjects were synchronized to 24 hr by an externally controlled LD cycle. All subjects had to prepare their own meals. Signals were given by the subjects when they woke up, had a meal, and retired. Of the 52 subjects, 43 consistently had three meals per "day," and 9 had two meals, irrespective of the length of the circadian cycle and despite the fact that, due to desynchronization, wakefulness varied from over 30 hr to less than 12 hr. The intervals between meals, between wake-up time and breakfast, and between last meal and bedtime were "stretched" or "compressed" in strong proportionality to the duration of wakefulness.
Most physiological as well as psychological functions of the human organism are subject to regular variations, which, in synchrony with the sleep-wake cycle, keep a distinct relationship to the alternation of day and night (Aschoff and Wever, 1980) . In subjects living in isolation units without any external time cues, these circadian rhythms persist with periods slightly deviating from 24 hr. Often, such &dquo;free-running&dquo; rhythms have periods of about 25 hr in all functions measured. In other words, although desynchronized from the 24-br day, the organism remains synchronized internally. Sometimes, however, the sleep-wake cycle is lengthened to 30 hr or more, or shortened to less than 20 hr. In those instances, the rhythms of autonomic functions such as body temperature become uncoupled from the sleep-wake cycle, and continue to free-run with a period close to 25 hr. Hence, rhythms with two different &dquo;circadian&dquo; frequencies coexist in the organism, representing a state of &dquo;internal desynchronization&dquo; (Aschoff et al., 1967; Wever, 1975) .
During internal desynchronization, the ratio between the duration of wakefulness and the duration of sleep is, in essence, similar to (although more variable than) that observed under normal conditions; that is, the subjects are awake for about two-thirds of a full cycle (Wever, 1979) . As a consequence, wakefulness can last for up to more than 30 hr when desynchronization occurs by a lengthening of the sleep-wake cycle (&dquo;long desynchronization&dquo;) or for only 12 hr or less when desynchronization occurs by a shortening of the sleep-wake cycle (&dquo;short desynchronization&dquo;). This can be noticed in the records reproduced in Figure l , which illustrate the two modes of desynchronization. Remarkably, the subjects are never aware of these drastic changes in their way of living.
Instead, most of them believe they live on a more or less regular 24-hr schedule. The question arises as to how subjects organize their meals under those conditions. On first thought, one might hypothesize that a subject who is awake for 32 hr would have six meals instead of the normal three meals, and that a subject who is awake for only 12 hr would skip one meal. Contrary to this assumption, and as already indicated in Figure l, it is shown in this paper that subjects in isolation do not change the number of meals (Aschoff, 1969) , but adjust the intervals between meals to the duration of their &dquo;day.&dquo; EXPERIMENTAL SITUATION AND DATA COLLECTION All experiments took place in an underground isolation unit, which consisted of a bedroom-sitting room, a small kitchen, and a toilet with a shower. The subjects stayed singly in the unit for an average time span of 17.8 days (range 10-30 days), without any FIGURE I. Circadian rhythms of wakefulness and sleep (white and black bars, respectively) measured in two subjects who were living singly in an isolation unit under conditions of constant illumination (A, female) or in a self-selected light-dark cycle (B, male). The two records exemplify the occurrence of &dquo;internal desynchronization&dquo; due to either a sudden lengthening (A, day 13) or a shortening of the sleep-wake cycle (B, day 15). During internal desynchronization, the rhythm of rectal temperature (not shown) is uncoupled from the sleep-wake cycle and continues to free-run with a period of about 25 hr. Meals indicated by black marks. r, circadian period. information about the time of day. They had to prepare their own meals. Depending on the experiment, they either were allowed to turn the main lights on and off as desired (self-selected light-dark cycle, or LD,) or were exposed to constant illumination (LL). In six experiments, an LD cycle supplemented by repeated gong signals was operated from outside the unit to synchronize the subjects to 24 hr. Body temperature was recorded continuously by means of a rectal probe, and various activities were monitored by signals elicited through a switchboard and marked on a slow-moving event recorder. As approximate measures for the duration of sleep and wakefulness, the intervals were taken between signals given by the subject when he or she decided to go to sleep (turning off the bedside reading lamp) and signals given at the time of awakening. The subject also had to give a signal whenever he or she had a meal. Data were collected from 52 volunteers, 36 males (mean age 25.7; range 21-33 years) and two groups of females: 9 young (mean 24.8; range 21-27 years) and 7 old (mean 61.9; range 45-76 years). All subjects except the six who were entrained to 24 hr showed free-running rhythms in LD, (n = 19) and in LL (n = 27). Since there was no systematic difference in the results obtained in LD, and in LL, the data from both sets of experiments were pooled for the analysis. According to state, the 46 free-running rhythms could be classified into four groups: internal synchronization throughout the experiment (n = 24); long desynchronization from the very beginning (n = 6); internal synchronization followed by long desynchronization (n = 8); and internal synchronization followed by short desynchronization (n = 8). The classification of a rhythm as &dquo;desynchronized&dquo; was based on two phenomena: (1) a sudden lengthening or shortening of the cycle (cf. Fig. I ), and (2) the uncoupling of the rhythm of rectal temperature from the sleep-wake cycle (temperature not shown in Fig. l ; cf. Wever, 1975) .
The subjects were selected according to their meal timing from the protocols of 130 experiments. Within this sample, 92 subjects adhered to a consistent pattern of meal timing throughout the experiment, with one meal per cycle (n = 1), two meals (n = 10), three meals (n = 80), or four meals (n = 1). The 38 &dquo;irregular&dquo; eaters changed the number of meals per cycle continuously, mostly between two and three meals (n = 13) or two, three, and four meals (n = 8), but larger variations also occurred (e.g., between one and five meals). Only two of the irregular eaters showed a slight tendency to increase the number of meals when the cycle was lengthened; all others changed the number of meals at random (i.e., without any relationship to cycle length). From the 92 regular eaters, 52 were analyzed in detail; 43 had three meals and 9 had two meals per cycle. A few of these subjects occasionally added or skipped one meal; data from such cycles (never more than three cycles per subject) were excluded from the analysis. It should be emphasized that no instructions were given on the number and the type of meals; the subjects were free to make their own choices. From the protocols, the following intervals were extracted: in the three-meal group, wake-up to breakfast, breakfast to lunch, lunch to dinner, and dinner to bedtime; in the two-meal group, wake-up to first meal, first meal to second meal, and second meal to bedtime.
RESULTS
Typical protocols from three experiments are presented in Figure 2 . In each of the diagrams, the five lines connect the times of wake-up, breakfast, lunch, dinner, and FIGURE 2. Circadian rhythms of meal timing, measured in three subjects who were living singly in an isolation unit under conditions of self-selected light-dark cycles (A, female) or constant illumination (B, female; C, male). Lines connect the times of wake-up, of the three meals, and of bedtime as measured on consecutive days. The three records represent internal synchronization (A), short desynchronization (B), and long desynchronization (C). T, circadian period. bedtime as recorded on consecutive days. Figure 2A represents a rhythm that remained internally synchronized; Figure 2B depicts a rhythm that, after six cycles of internal synchronization, became desynchronized by a shortening of the cycle but regained internal synchronization during the last eight cycles; and Figure 2C illustrates a rhythm that, after an initial state of internal synchronization, became desynchronized by a lengthening of the cycle. As can be seen, all subjects usually had three meals per &dquo;day&dquo;; subject 112 skipped one meal twice (day 16 dinner, day 19 lunch), as did subject I I I (day 6 breakfast, day 11 dinner). It is also obvious that the intervals between meals remained fairly constant during internal synchronization ( Fig. 2A ), but were shortened during short desynchronization ( Fig. 2B ) and lengthened during long desynchronization (Fig. 2C ). To demonstrate this in more detail, Figure 3 shows data on the duration of wakefulness («) and on the four meal-determined intervals for 12 consecutive cycles, taken from four subjects who remained internally synchronized ( Fig. 3A ) and four subjects in whose rhythms long desynchronization occurred at the sixth cycle (Fig. 3B ). The diagrams in Figure 3B demonstrate that long desynchronization resulted in a sudden increase of a as well as all four intervals. From Figures 1, 2, and 3, it is evident that internally synchronized and desynchronized rhythms represent distinctly different states of the circadian system. Hence, we decided to compute, as a first step, mean values for the three possible states (internal synchronization, long desynchronization, and short desynchronization) from each subject separately. Such mean values are displayed in Figure 4 as a function of a. Without exception, the intervals were lengthened during long desynchronization (open circles) and shortened during short desynchronization (open triangles). It is further noteworthy that the changes in intervals were, on the average, proportional to the changes in a (cf. the dashed oblique lines). FIGURE 3. Duration of wakefulness (a) and of the intervals between wake-up, three meals, and bedtime, measured in 12 consecutive sleep-wake cycles in the isolation unit. (A) Four subjects (code numbers at curves) whose rhythms remained internally synchronized. (B) Four subjects whose rhythms became desynchronized by lengthening of the sleep-wake cycle. An approximation to proportionality between at least some of the intervals and a was also demonstrated on the basis of a considerable cycle-to-cycle variability. This is shown in Figure 5 by the data from two subjects, one of whom remained internally synchronized (Fig. 5A ) while the other showed long desynchronization throughout the whole experiment (Fig. 5B ). The correlation coefficients, given in the upper left corner of each diagram, were all positive; they were largest for the interval &dquo;lunch to dinner,&dquo; and somewhat larger in the desynchronized than in the synchronized rhythm. A survey of all correlation coefficients, computed intraindividually, and separately for the different states of the circadian system, is given in Figure 6 . In the histograms shown in Figure 6A, coefficients are also included from the six subjects who were entrained to 24 hr. Positive coefficients can be seen to prevail in all histograms; they were least prominent in the first interval (wake-up to breakfast), which was also the shortest interval (cf. Figs. 3  and 4 ). The means of the correlation coefficients, computed by z-transformation, are summarized in Table l . Consistently, these means were smaller in the first than in the three following intervals, and often larger in the desynchronized rhythms than in the internally synchronized (free-running) rhythms.
In a last step of the analysis, mean values for the four intervals were computed from all subjects and for all states separately. They are drawn as a function of a in Figure 7 . The abscissa covers a larger range of a values than that shown in Figure 4 , because data are included from subjects who were permanently long-desynchronized, including one who developed a sleep-wake cycle with a (&dquo;circa-bi-dian&dquo;) period of 50.5 hr. The regressions as computed from all data points (solid lines) were in good agreement with proportionality (dashed lines) in the first two intervals, and did not drastically deviate from it in the last two intervals.
Mean values of a and of the four intervals are given in Table 2 , grouped according to the state of the circadian system. The internally synchronized rhythms were subdivided into three groups: internal synchronization throughout the experiment, synchronization replaced later by long desynchronization, and synchronization replaced later by short desynchronization. Accordingly, the desynchronized rhythms were subdivided into those that were always long and those that were longor short-desynchronized after an FIGURE 5. The dependence of the four intervals between wake-up, three meals, and bedtime on the duration of wakefulness (a), measured in two subjects who were living singly in the isolation unit. (A) Internally synchronized rhythm. (B) Continuously long-desynchronized rhythm. Solid lines indicate regressions computed through all data points; dashed lines indicate proportionality between intervals and a. r, correlation coefficient. FIGURE 6. Correlation coefficients (computed intraindividually) between the duration of wakefulness (a and the intervals between wake-up, three meals, and bedtime. (A) States of internal synchronization, together with data from the six subjects whose rhythms were entrained to 24 hr. (B) States of internal desynchronization. initial state of internal synchronization. It should be noted that the means of internally synchronized rhythms that became desynchronized later on differed from those of the rhythms that remained synchronized: Eventual long desynchronization was indicated by larger means of a and intervals, eventual short desynchronization by smaller means. The intervals between meals reached extremely large values during continuous long desyn- lunch: 9.20 hr; lunch to dinner: 11.20 hr), and extremely small values during short desynchronization (breakfast to lunch: 4.30 hr; lunch to dinner: 5.15 hr).
The results from the second group of subjects who consistently had two meals per &dquo;day&dquo; did not differ, in principle, from those of the first group. In analogy to the procedure used to arrive at the values depicted in Figure 7 , the individual mean values of all subjects, computed separately for the three states of the circadian system, are drawn as a function of a in Figure 8 . Again, the positive correlation between intervals and a came close to proportionality.
DISCUSSION
Under conditions of normal daily life, the timing of meals to a large extent depends on habits and social cues, controlled by the hour of day (Drummond and Wilbruhan, 1969) . However, even someone who has no watch and misses a gong signal calling for lunch notices some 5 hr after breakfast that he or she gets hungry. Whatever the mechanisms may be that determine the sensation of hunger and the drive to eat (Cannon and Washburn, 1912) , most people long to have a meal at certain, not too variable intervals that are partly controlled by physiological processes. Since metabolic rate is one of the factors involved, it seems plausible to assume, in the first place, that in subjects who live in isolation without external time cues, intervals between meals might be of about the FIGURE 8. Intraindividual means of the intervals between wake-up, two meals, and bedtime related to the means of wakefulness (a). Data averaged from all cycles of synchronized rhythms (9) as well as of long-desynchronized (0) and short-desynchronized rhythms (A). Solid lines indicate regressions computed through all data points; dashed lines indicate proportionality between a and intervals. r, correlation coefficient. same duration as observed under normal conditions. The results presented here disprove this hypothesis.
In isolation, the intervals between meals were neither constant nor close to normal, but varied extremely in close positive correlation with the duration of wakefulness (Figs. 4-8) . After having had breakfast shortly after waking up, a subject could have lunch only 4 hr later (during short desynchronization) or not until 8-14 hr later (during long desynchronization; cf. Fig. 7 ). Since there were no external cues that could be used by a subject to time a meal, the (obviously well-regulated) intervals between meals must have been determined by internal signals of some kind. How was it that those signals reappeared at short intervals during short, and at long intervals during long, desynchronization ? At present, no plain answer can be given to this question.
If the intervals between meals were twice as long (or only half as long) as normal, and if metabolic rate in isolation unit did not differ from that seen under normal conditions, a subject could be expected to eat, at each meal, twice as much (or half as much) as usual to keep up with his or her caloric demands. Admittedly, subjects were less active in the unit than outside, but it is unlikely that the energy expenditure per 24 hr would have been cut by half during long desynchronization, and it is even less likely that energy expenditure would have increased during short desynchronization. Hence, one might expect that a subject on an unusually long &dquo;day&dquo; would either increase the food intake per meal or lose weight, and that, during short desynchronization, a subject would eat less per meal or gain weight. Unfortunately, no records exist on the amount (and the composition) of food eaten by the subjects, and measurements on body weight were too few to permit us to draw solid conclusions.
It should be emphasized that not only were the intermeal intervals positively correlated with a; the first and the last intervals-which were limited by wake-up and bedtime, respectively-were likewise correlated. Somehow, this is least expected for the first interval, because one easily assumes that a subject would take his or her breakfast within a relatively short &dquo;standardized&dquo; time span after waking up, according to his or her personal habits. In contrast herewith, the data demonstrate large variations even of the first interval in close relationship to a. It seems as if the organism &dquo;knows,&dquo; already at the time of waking up, whether wakefulness will last for a short or a long while. In other words, from the interval between wake-up and breakfast, it can be predicted, within limits, for how long a person will be awake that very day. In this regard, the meal data resemble data on time perception obtained from subjects who, in isolation, estimated 1-hr intervals serially throughout every &dquo;day&dquo; (Aschoff, 1985) .
Of special interest are the experiments in which desynchronization occurred by a shortening of the sleep-wake cycle. A few authors have argued that short desynchronization does not really occur, and that it is actually a misinterpretation of the data. This criticism rests on the argument that in a record such as that shown in Figure i B, every second sleep episode has to be interpreted as a nap taken by the subject in between two &dquo;true&dquo; sleep episodes. If this interpretation were correct, the actual period of the rhythm would in fact be 34.2 hr instead of 17.1 hr, indicating desynchronization by a lengthening of the sleep-wake cycle. Wever (1979 Wever ( , 1984 has explained why (and when) it seems correct to interpret those data as short desynchronization, not only on the basis of sleep records but also by an analysis of the temperature rhythm. The results presented in this paper corroborate the notion of &dquo;short desynchronization.&dquo; All six subjects of the three-meal group who were classified as &dquo;short desynchronizers&dquo; continued, during desynchronization, to have three meals between two consecutive sleep episodes, and to designate these meals as breakfast, lunch, and dinner. It is hard to see why one of the sleep episodes should be called a nap, and why one should conclude that &dquo;short-period desynchronizers are actually long-period desynchronizers whose rhythms have split at the onset of desynchrony&dquo; (Kronauer, 1982, p. 24 ). The meal-timing data clearly indicate that short desynchronization does occur, resulting in an extremely short &dquo;day&dquo; between two true (also very short) sleep episodes.
There was no striking difference in the results obtained from female and male subjects, apart from a larger percentage of desynchronized rhythms in females (60%) than in males (42%). The intervals measured in internally synchroniz-d rhythms did not differ significantly between the group of young females and the males. In internally synchronized rhythms of the three-meal group, males had a slightly longer a (16.96 hr) than young females (15.30 hr) (cf. Wever, 1984) , reflected mainly in differences in the first two intervals. The group of old females had a comparably long a (16.80 hr), again made up mostly by larger values of the first two intervals.
In summarizing the results, we can conclude that, when wakefulness is lengthened or shortened, other physiological (metabolic?) and psychological (Aschoff, 1985) processes are &dquo;stretched&dquo; or &dquo;compressed&dquo; as well. In this context, it should be mentioned that a positive correlation similar to that found between intervals and a also applied to the circadian period, T. This is not surprising, in view of the fact that in all subjects a positive correlation was found between a and T. (The mean correlation coefficients ranged from 0.569 in internally synchronized rhythms to 0.890 in desynchronized rhythms.) All but two of the coefficients between intervals and T, however, were substantially smaller than the coefficients between intervals and a. It is for this reason that emphasis is placed on the relationship to a. As yet, no conclusion can be drawn with regard to the question of whether the intervals are closely coupled to the rate of the circadian clock as measured by T, or are related primarily to processes that determine the duration of a (Daan et al., 1984) .
